ABSTRACT. Nitrogen flux and protein synthesis and deg-over a short (-12 h) period. This approach has received relatively radation were estimated using a single oral bolus of 15N little attention in studies with infants (4). glycine or I5N yeast protein hydrolysate and measuring the The use of single amino acids as tracers in studies based on 15 N enrichment of urinary ammonia in five low birth wt end-product labeling may give results that are biased by the infants fed a low birth wt formula and in six who were peculiarities of the metabolism of the tracer amino acid (5), and receiving their own mother's breast milk. Results derived it seems clear that different amino acids can give quite different from using IsN-glycine and I5N-yeast hydrolysate tracers estimates of whole-body amino-N flux in the same individuals in a randomized crossover study in 10 studies on seven (6, 7). This consideration may be particularly important when infants showed, with one exception, higher turnover rates "N-glycine is used in preterm babies, because in these infants and more interindividual variation with the j5N yeast. Both glycine appears to behave as a limiting or semi-essential amino tracers showed good reproducibility in two infants who had acid. As suggested by others (I, 8-10) one possible way, in theory repeated studies. Although wt gain was similar in both at least, of avoiding this problem is to use mixtures of labeled groups, nitrogen intake and retention were greater (p < amino acids as tracers.
0.01) in the formula-fed group. Mean nitrogen turnover
In the present work, we have measured protein turnover in was similar in both groups, but there was a greater variance preterm neonates by examining the labeling of urinary ammonia in the human milk-fed group which also had a greater after a single oral dose of tracer, as suggested by Waterlow and nitrogen turnover/U absorbed nitrogen (p < 0.025) and a colleagues (2) and used in adult subjects (8, 1 I, 12) . We compared lower excretion of nitrogenlu flux. (Pediatr Res 25167-two tracers-I5N-glycine and "N-yeast protein hydrolysate-172,1989) and protein turnover in infants receiving a formula feed or their mother's milk. Abbreviations
FF, formula-fed MATERIALS AND METHODS

HMF, human milk-fed
Subjects and experimental protocol. Eleven male infants were investigated (Table 1) . Four FF infants (no. 1-4) and three HMF infants (no. [6] [7] [8] received, in separate studies and in a randomized sequence at least 48 h apart, either lSN-glycine or hydrolyzed Most measurements of whole-body protein synthesis and deg-ISN-yeast protein. The remaining one FF and three HMF infants radation in neonates have used a technique in which the subjects received "N-glycine alone (there being insufficient yeast for receive a prolonged intragastric infusion of a single I5N-amino further studies). acid (usually glycine), and the calculation of protein turnover is The subjects were low birth wt infants and, with the exception based on the "plateau" "N enrichment of urinary urea (1) . This of cases 1 and 1 1, had birth wt appropriate for their gestational approach is time consuming and is impractical for use in routine ages (1 3) . Gestational ages were assessed from the date of the last clinical pediatrics. The length of the infusion may result in menstrual period, ultrasound cephalometry, and by clinical aserroneous values due to label recycling and the need to allow sessment (14) . Informed parental consent was obtained, and the approximately 48 h after a study for the ISN abundance of urinary study was approved by the local ethical committee. urea to regain background levels limits the use of this technique Infants were weighed daily. When studied, all had regained in studies of acute changes in protein metabolism.
their birth wt and were established on enteral feeding. The FF The length of these studies can be shortened significantly if infants received at least 130 ml/kg/24 h, and the HMF infants urinary ammonia is used as the end-product on which the received at least 155 ml/kg/24 h for at least 48 h before and calculations are based (2, 3) , particularly if, rather than using a during the study periods. All infants gained wt and retained constant infusion of isotope, with measurements in the isotopic nitrogen throughout the balance periods (Tables 1 and 2 ). The steady state, the technique is based on a single dose of isotope formula used in these studies was a single batch of "Low Birth and the average isotope abundance in urinary ammonia excreted Weight" (LBW) SMA (Wyeth Laboratories, Taplow, UK) (334 kJ/100 ml, 2.0 g protein (N x 6.38)/100 ml orogastric tube administration of expressed samples. The intakes of the other infants were weighed directly. The infants' intakes of energy (calculated) and nitrogen as well as their rates of nitrogen retention over the balance periods are shown in Table  2 . All milk samples were stored at -20°C until analyzed. Balrrnces ~n d tracer studies. Three-day nitrogen balance studies were carried out on all the infants: during this period they were fed at 2-to 4-h intervals as appropriate to their wt and gestational ages. The mattresses of the cots were covered in polythene sheeting on which Whatman 541 filter papers were placed to retain any vomits. regurgitated feeds, or spilled urine.
Stools were collected between carmine markers, given orally 72 h apart, onto similar filter papers. The collection of urine is described below. All material was collected immediately and stored at -20°C until analyzed.
Lipid and nucleic acid-free lSN-yeast protein was hydrolyzed in sealed tubes in 5.4 M HCI at 105°C for 18 h. The hydrolysate was dried under vacuum and reconstituted in distilled water at least three times. In the final dry product, 98% of the N could be accounted for by amino acids and the remaining nitrogen as NH4'. The excess abundance of I5N was 92 atoms %, and the final solution was neutral. The amino acid composition (measured in four separate hydrolysates) of the final yeast sample is shown in Table 3 . lsN-glycine (96 atoms % excess) was obtained from the British Oxygen Company, Glasgow, UK.
Both tracers were dissolved in distilled water and were sterilized by filtration through a 0. Urine collection condom devices were fashioned from soft polythene gloves and affixed to the penis with a drainage tube connected to a glove finger. After each tracer administration, urine was collected for a known period of approximately 12 h, and during this time it was removed immediately from the collection bag acidified with 10% HzS04 to pH < 2 and stored at -20°C until analyzed. Thereafter, the urine for the residual balance period was collected as a single pool or as separate aliquots for a second tracer study. Urine passed immediately before the start of the balance period was used to measure background abundance of ISN, and when a second tracer was used, urine passed between 33 and 36 h after completion of the first study was collected separately to measure background abundance for the second study; this had an NH3 ISN abundance which did not differ from natural abundance. In one subject (no. 8), separate 4-h urine samples were analyzed to investigate the pattern of ISN-ammonia excretion over the first 12 h after administration of isotope: almost 75% of the excretion of I5N-ammonia had occurred by 8.25 h of collection.
Sample anulysi.~. The nitrogen content of the feeds urine and stool were determined by the Kjeldahl method (15) . The ammonia content of the urine was estimated by treatment of the urine with NaOH, steam distillation and titration (with potassium bi-iodate solution). 15N in urinary ammonia was separated essentially by the method described by Read et a/. (16) . Resinbound ammonia was subsequently oxidized to nitrogen gas by treatment with lithium hypobromite (17) in an evacuated tube connected to the inlet of a VG MM602 B double-collector isotope ratio mass spectrometer for the determination of the I5N enrichments (1 8).
The fat content of human milk was measured by extraction with chloroform/methanol (2: 1 vol/vol) under reflux with the subsequent measurement of the residue wt (19) . Each human milk sample was also freeze-dried, and the carbohydrate content was calculated from the different between the dry matter and the sum of the protein content (N x 6.38) and the fat content. The energy content of the milk was then calculated as:
Calczliations. The nitrogen flux (Q) was calculated by:
Protein synthesis (S) and breakdown (B) were then determined from:
where I is the apparent absorbed N and E the excretion of N. Statistical analyses and comparisons were performed by paired and unpaired t tests, except where indicated otherwise in the text (20) . Where replicate values were obtained from a child, the mean of these has been used for calculating group means for the tables and statistical evaluation.
RESULTS
Comparison of diets. The energy intakes of the FF infants was marginally greater than those of the HMF infants (Table 2) ( p < 0.05), whereas the intakes, absorption, and retention of nitrogen of the FF group were much the larger of the two groups (Table   2 ) ( p < 0.00 1). The nitrogen retention relative to that absorbed was similar in both groups, 79% (SD, 5%) in the FF infants and 75% (SD, 6.1 %) in those receiving their own mother's milk, and there was no correlation between the amount of nitrogen absorbed or retained and the rate of nitrogen flux which was similar in both groups despite the greater variability in the breast-fed babies (Table 4) . Thus the nitrogen flux measured by I5N-glycine relative to absorbed nitrogen was higher in the HMF infants (839 a 266%) than in those fed formula (529 a 110%) ( p < 0.05). Nitrogen excretion, both in total and in proportion to nitrogen flux, tended to be lower in the babies fed their own mother's milk than in the FF infants. Although the mean values for the derived rates of N flux and protein synthesis and degradation of the FF and HMF groups differed (Table 5) , this difference was not statistically significant ( p > 0.05).
Comparison of tracers. The calculated rates for protein synthesis and degradation and nitrogen flux (Table 5) were higher with I5N yeast than with "N-glycine as tracer ( p < 0.05), irrespective of the diet. There was no order effect. The values obtained with yeast protein were also more variable, although this was biased by one subject (no. 3). It was particularly interesting that the large difference in this subject was observed in two separate pairs of studies in which I5N-yeast was administered first in one and second in the other.
When the rates derived from the different tracers were compared by Spearman's rank correlation (20) , an agreement was found for the rates of protein breakdown ( p < 0.05), but not for 
those of protein synthesis or nitrogen flux (0.1 > p > 0.05). These findings question any assumption that both tracers were measuring similar or related metabolic pools or processes. Protein gain as a percentage of protein synthesis with I5N glycine as tracer was 16% for the formula studies and 9% for the human milk studies (derived from data in Table 4 ). With I5N yeast, the figure obtained was 9% for both groups (derived from data in Table 5 ).
DISCUSSION
The values for protein synthesis obtained in the present study lie within the range obtained in previous studies (Table 6 ). However, this is probably because of the wide range of values obtained in the earlier studies (5.9-18 g proteinlkglday); this observation is perhaps not surprising in view of the heterogeneous nature of the subjects, their different diets, and the variety of methods that have been used to investigate the metabolism of nitrogen.
Choice of tracer and end-product. With the exception of an early study by Nicholson (21) , some recent reports from the German Democratic Republic (9, 10, 22, 23), and a study using 13C-leucine (24), most studies of protein turnover in preterm infants have used variations of the "constant infusion" method developed by Picou and Taylor-Roberts (1); additionally most have depended on the use of I5N-glycine as the tracer, and urinary I5N-urea (or occasionally total N) as the end-product.
Apart from theoretical problems applicable in general to the study of protein metabolism (see below), the study of protein turnover in preterm infants presents particular practical and ethical problems. The infants require close care and may often be in a state in which their metabolic state is changing rapidly. For these reasons alone, methods that avoid prolonged administration of tracer and equally prolonged collection periods have a distinct advantage. To some extent, then, our choice of an approach involving a single dose of isotope and the use of urinary ammonia was influenced by these practical requirements since this method reduced the length of each study from times in excess of 30 h to less than 12 h. Another advantage of basing the calculation of protein turnover in HMF infants on the abundance Table of urinary a m m o n i a is that it minimizes artifacts that arise from a/. ( 2 5 ) have discussed the first two aspects i n detail a n d noted the comparatively high urea content of h u m a n milk (24) .
Comparison of calctllated nitrogen flux (g Nlkglday), protein synthesis, and degradation (g proteinlkglday), measured with "N-yeast protein hydrolysate (Y) and "N-glycine (G) in FF and HMF infants
the interaction between the route of administration of the tracer At the theoretical level, choices have t o be m a d e as to the a n d the I5N-abundance of different end-products. tracer. the end-product. a n d t h e route of administration. Fern el Glycine has been the tracer of choice in m a n y previous studies (26) (27) (28) , principally because of its commercial availability, but there are general objections to the use of a single amino acid and to the use of glycine in particular, especially in premature infants. Jackson (29) has advanced the hypothesis that glycine may not only be a "semi-essential" amino acid but might also be in limited supply in the preterm infant (2, 5) , especially when the infants are receiving human milk. Hence, glycine might not be an appropriate tracer for measuring protein synthesis in such individuals. The peculiarities of the catabolism of glycine may make it a poor substrate for urea synthesis and the N of "Nglycine may not be reliably transferred to urinary urea in human preterm infants (5, 28) . By contrast, significant labeling of urinary ammonia has been a uniform finding in these and our subjects.
With 15N glycine as tracer, protein gain (i.e. protein synthesis minus protein degraded) as a percentage of protein synthesis (data in Table 4 ) was 16% for the FF infants. This figure for FF infants is similar to those obtained by other workers using I5N-glycine (5, 28) and 13C-leucine (24) . However, we found a lower value for the HMF infants (9%); similarly Pencharz and coworkers (27) obtained a higher figure for their FF infants (17%) than for their HMF (I 1 %). The low protein gain (9%) as a percentage of protein synthesis in the FF infants studied with 15N-yeast (data from Table 5 ) probably reflects the poorer transfer of "N to ammonia by some amino acids (see below).
Although the use of an amino acid mixture may provide a more generally representative tracer for amino N turnover, the choice of the mixture is important. Different I5N-labeled amino acids label urea and ammonia to variable extents and can give quite different values for protein turnover (6, 7) . Although this shows the danger of necessarily accepting results obtained with any single amino acid, a corrollary is that, even with an amino acid mixture, the results are biased by the peculiarities of its composition (17) . In this respect, yeast protein, which has high Ievels of the dicarboxylic amino acids and their amides (Table  3) , is less than satisfactory. These amino acids and lysine will tend to label urea to a greater extent than ammonia, and this may underlie the fact that in the present study, in which ammonia was used as end-product, the estimates of rates of protein synthesis and degradation and of N-flux derived from yeast protein was higher than those derived from glycine in nine of the 10 studies (Table 5 ). Indeed in one infant (no. 3), the difference between the tracers was substantial, indicating that individual variations may occur in the metabolism of amino acids and that these differences should be remembered when interpreting studies of this nature, especially as the degree of between-study reproducibility seen with two subjects (nos. 2 and 3) and in other studies (7, 30) suggest the genuineness of such differences. In contrast to the present results, in previous comparisons of 15N-glycine with labeled proteins or amino acid mixtures, glycine gave higher average values than amino acid mixtures, yeast, or egg protein (9, 10, 22) . It seems that at this stage the "ideal" amino acid mixture cannot be defined, although a mixture close in composition to that of body protein may provide the generally most useful approach.
Comparisons of milks. Although there was no significant difference between the average rates of nitrogen turnover and protein synthesis in the FF and HMF infants, with 15N-glycine as tracer, the latter group had wt-specific rates of protein synthesis that were 10% higher (Table 4) . Even more strikingly, the results with the HMF subjects were considerably more variable (CV 35%) than those obtained in the infants that received the formula feeds (CV 11%) (Fisher test p < 0.05). The variations in the turnover of body nitrogen in the HMF infants did not correlate with either their estimated energy intake or with their individual nitrogen retention. This variability of protein turnover in HMF preterm infants, which is apparent in other studies (5, 27, 28) , is unexplained but seems, nonetheless, to be a real difference between these two types of feeding.
To some extent, the results of the present and previous comparisons of protein turnover in breast-fed and FF infants are compromised by the fact that HMF infants have generally received lower intakes of both nitrogen and total energy than those that received a formula feed. In this study, it was interesting that there was no significant difference in the rates of wt gain of the two groups of babies despite the fact that, allowing for body wt, the HMF group apparently received 1 1 % less energy and respectively absorbed and retained 3 1 % and 34% less nitrogen than the FF babies.
It would seem that the energy requirement of HMF infants is lower than that of infants receiving a formula feed, and, indeed, it has been calculated that the energy intakes of exclusively breastfed full-term infants are approximately 25% lower than the currently accepted recommended requirements, yet they gain wt normally (31) . Even when such infants received supplemental feeding, they achieved a normal rate of wt gain at energy intakes that remained below that recommended (32) .
The present study demonstrates that a simple and minimally invasive approach to the measurement of protein turnover in preterm infants is practicable. The results obtained with the two different tracers highlighted some potentially important considerations with respect to individual variations in amino N metabolism. The simplicity of the approach suggests that it could be applied outside a specialist metabolic facility and could be used to investigate other metabolic problems in general pediatric practice, and to these ends the method merits further evaluation.
